Abstract. An increased risk of non-small cell lung cancer (NSCLC) in cystic fibrosis (CF) patients and carriers of CF transmembrane conductance regulator (CFTR) mutations has been proposed. However, the role of CFTR in lung cancer remains controversial. In the present study, CFTR expression was assessed in 165 NSCLC tumors and 22 normal lung samples with validation in an independent series of 131 samples. The effect of gain and loss of CFTR on the malignant behavior of NSCLC was examined. The effect of CFTR manipulation on tumor metastasis was examined in a mouse model. Expression of CFTR was downregulated in NSCLC (p= 0.041). Low CFTR expression was correlated with advanced stage (p<0.001) and lymph node metastasis (p=0.009). Low CFTR expression was significantly associated with poor prognosis (overall survival: 45 vs. 36 months, p<0.0001; progression-free survival: 41 vs. 30 months, p= 0.007). Knockdown of CFTR in NSCLC cells enhanced malignant behavior (epithelial-mesenchymal transition, invasion and migration); in contrast, overexpression of CFTR suppressed cancer progression in vitro and in vivo.
Introduction
Non-small cell lung cancer (NSCLC) is one of the most common malignancies with increasing incidence worldwide (1) (2) (3) . Despite the advances in early detection and improvements in the treatment, long-term survival from NSCLC still remains poor. Tumor relapse and metastasis are the main factors influencing patient prognosis. The identification of biomarkers that can predict the risk of recurrence and metastasis is therefore clinically important.
The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-activated anion channel which is expressed ubiquitously in epithelial tissues. Germline mutations in the gene encoding CFTR cause recessive cystic fibrosis (CF) (4, 5) . Over the last three decades, long-term survival rate for CF patients has significantly improved but an elevated risk of cancer is being recognized to be associated with survivorship. Intriguingly, an increased risk of cancer, primarily of the gastrointestinal tract, has been reported in some, but not all studies in the carriers of CFTR mutations (6) (7) (8) (9) (10) . Hypermethylation of the CFTR promoter is frequently seen in a number of different tumor types, including lung cancer (11) (12) (13) , suggesting DNA methylationmediated transcription silencing of CFTR may influence cancer development (9, 14, 15) . Of note, both mutation and hypermethylation of CFTR have been identified in NSCLC patients (12, 16) .
By analyzing a series of tumors from 296 lung cancer patients we have shown that aberrant CFTR expression level is significantly associated with NSCLC progression, metastasis and poor prognosis. We have also shown that suppression of (18) . The background samples were confirmed free of tumor deposits. Clinical follow-up data on patients were ascertained by review of medical records. The follow-up time was up to 60 months. All human specimens and correlative data were obtained according to a protocol reviewed and approved by the local ethics committee, and all patients provided signed informed consent.
Expression analysis of CFTR by real-time PCR and immunochemical staining.
Real-time reverse-transcriptase polymerase chain reactions (RT-PCRs) with patient-derived cDNA were performed on a StepOne Plus real-time PCR system (Applied Biosystems, Forster City, uSA). Briefly, RNA isolation was carried out using TRI reagent from Sigma (St. Louis, MO, uSA), according to the manufacturer's instructions. RNA (0.5 µg) was converted into cDNA using the iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Hemel Hemstead, uK). The levels of CFTR mRNA were quantified by TaqMan Gene Expression Assays (Assay ID CFTR: Hs00357004_m1; Applied Biosystems) using GAPDH as the internal control. All assays were performed in triplicate. CFTR expression levels were dichotomized by median values. The tissue blocks were cut into 5-mm sections and processed for IHC in accordance with a previously described protocol (19) .
Statistical analysis. Progression-free survival (PFS) was defined as the minimum interval from the date of diagnosis to the date of tumor recurrence, progression, the occurrence of a second malignancy, death or the last follow-up. Overall survival (OS) was defined as the interval from the date of diagnosis to the date of death or the last follow-up. Living patients with local recurrence or metastasis were considered as 'in disease survival'.
The correlations between the CFTR levels and other demographical and clinical features were assessed using Mann-Whitney rank sum and Kruskal-Wallis one way analysis of variance tests.
Patients were assigned to two equal sized groups as defined by the median CFTR level. Kaplan-Meier survival curves and log-rank tests were used to evaluate the differences in OS and PFS between patients groups. Cox proportional hazards model was used to estimate hazard ratios (HRs) and 95% CIs of CFTR levels at the presence of other demographical and clinical parameters.
Survival analyses were carried out using the SPSS statistical software (version 11; SPSS, Inc., Chicago, IL, uSA). All statistical tests were two-sided and any tests with p-value <0.05 are considered statistically significant.
Cell lines, antibodies and reagents. The human lung adenocarcinoma cell lines A-549 and H1299 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, uSA). Antibodies were used against the following: CFTR (Almone labs, Jerusalem, Israel); E-cadherin, uPA, uPAR and vimentin (Santa Cruz Biotechnology, Santa Cruz, CA, uSA); GAPDH (Santa Cruz Biotechnology); CFTRinh-172 (Sigma).
Functional studies. CFTR channel function was blocked by CFTRinh-172 (10 µM). For wound healing assay, 1x10 6 cells/well cells were seeded in 6-well plates and then pre-incubated for 24 h before creating a 'wound' for the cell monolayer with a plastic tip. Cells were then grown in culture medium with 1% FBS in the presence or absence of 10 µM inh-172. The migration of cells was tracked and recorded using a Time-lapse imaging system (Carl Zwiss) for 48 h. Cell migration was determined by measuring distances between parallel lines from initial sites to migrated sites. The procedure was repeated three times. Cell invasion assay was performed using modified Boyden chambers (8-µm), polycarbonate membranes (Corning Incorp.) coated with 500 µg/ml matrigel (Bd Biosciences, San Jose, CA, uSA). A total of 20,000 cells were added to the Transwell inserts over the top of the artificial basement membrane. Cell growth rate was measured with an MTS proliferation assay. The CellTiter 96 Aqueous One Solution Cell Proliferation assay (Promega) was conducted according to the manufacturer's instructions.
Western blot analysis. Whole-cell extraction was conducted using RIPA buffer [50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and 1% nadeoxycholate (pH 7.4)] supplemented with protease inhibitors, phenylmethylsulfonyl fluoride and pimix. Protein concentrations were then measured by Bio-Rad protein assay kits (Bio-Rad Laboratories, Hercules, CA, uSA). Protein lysates were resolved by SDS-PAGE and then transferred onto nitrocellulose membranes (Hybond™-P; Amersham Biosciences, Piscataway, NJ, uSA), blocked with TBS containing 0.2% Tween-20 (TBST) and 5% non-fat dry milk and incubated with primary antibodies at 4˚C overnight. Antibody to GAPDH was used as control for protein loading. After being washed with TBST, membranes were incubated with secondary antibody in room temperature for 1 h before exposure.
CFTR overexpression and knockdown. The pEGFPC3 plasmid expressing wild-type CFTR was provided by Professor Tzyh-Chang Hwang (university of Missouri-Columbia). For overexpression experiments, the A-549 cells were transfected with 3 µg DNA and 6 µl Lipofectamine 2000 (Invitrogen, Camarillo, CA, uSA). The transfected cells were selected in full medium containing G418 (Calbiochem, Schwalbach, Germany) at 1,200 µg/ml. To knock down CFTR expression, duplex specific miRNAs to human CFTR was synthesized by utilizing Lift Technologies. The siRNA sequence used was: 5'-TTG GAA AGG AGA CTA ACA AG-3'. MiR expression vector, named as pcDNA™6.2-GW/EmGFP, containing a double-stranded oligonucleotide (ds-oligo) encoding a pre-miRNA sequence were established using BLOCK-iT™ Pol II miR RNAi Expression Vector kits (Life Technologies, Rockville, MD, uSA) following the manufacturer's protocol. Lentiviral particles were produced by transient transfection of 293FT (Invitrogen) cells using Lipofectamine 2000 (Invitrogen) reagent. Blasticidin at the final concentration of 5 µg/ml was used to select the stable clones.
Animal studies. Nude mice were provided by the Laboratory Animal Service Center of the Chinese university of Hong Kong. Animals were properly maintained in an airconditioned room with controlled temperature of 24±2˚C and humidity of 55±15%, in a 12-h light/dark cycle and were fed laboratory chow and water ad libitum. All animal experiments were conducted in strict accordance with the university Laboratory Animals Service Center guidelines on animal experimentation with approval from the Animal Ethics Committee of the university. Tumorigenicity was investigated by tumor xenograft experiments. Briefly, female athymic balb/c nude mice, 6-8 weeks of age, were injected with 10 µl suspension of CFTR knockdown cells or vector control A-549 cells (~5x10 6 ) subcutaneously. Mice injected with saline were used as sham controls. Tumor formation in nude mice was monitored over approximately a 6-week period and ratios of tumor weight to body weight were sacrificed. Tumor size, animal health and behavior were measured and monitored twice every week. Mice with a tumor size >1 cm in any dimension were terminated. The tumor size was calculated according to the following formula: 0.5234X [long diameter (short diameter) 2 ]. To develop the metastatic model, 6-8-week old female balb/c nude mice were transplanted with 1x10 6 A-549 cells through the lateral tail vein under sterile conditions. All mice were sacrificed 6 weeks after injection by perfusion. Before the perfusion surgery, 100 mg/kg ketamine mixed with 10 mg/kg xylazine was used. Cold PBS (10 ml) for each mice was perfused through right ventricle until lungs cleared of blood, then 10 ml of cold PFA was perfused to fix the tissue. Lungs were collected, and further fixed in PFA overnight, and sectioned (5 µm) in preparation for H&E staining for morphological investigation. Number and size of tumor loci was countered and calculated.
Results

Downregulation of CFTR expression in NSCLC.
A statistically significant lower CFTR transcript level was observed in NSCLC tumor tissues than that in normal lung tissues (Fig. 1A and Table I ). Compared to other various NSCLC subtypes, the level of CFTR was significantly higher in adenocarcinoma patients (p= 0.004; Fig. 1B ). There were no significant differences between patients with high and low CFTR expression levels as determined by age, gender or smoking status (Table I) . Table I . CFTR expression and patient characteristics. Lower CFTR expression is associated with advanced disease in NSCLC. Those patients with low CFTR levels in general had more advanced tumors. A gradual decrease in CFTR transcripts levels was observed through stage I to IV patients ( Fig. 1C and Table I ). The protein levels of CFTR were downregulated in advanced stage tumors compared to normal tissues as assessed by immunohistochemistry (IHC) staining through a panel of cohorts (Fig. 1I) . A significantly lower CFTR expression level was also found in patients with lymph node metastasis (node P) compared to lymph node-free patients (node N) ( Fig. 1D and Table I ). There was evidence of downregulation of CFTR levels in patients with either larger tumor, tumors with poorer differentiation, vascular or pleural invasion, however, this difference was not statistically significant.
Low CFTR gene expression is correlated with poor prognosis and inferior survival. As CFTR expression appeared to be related to disease progression, we analyzed its relationship with prognosis. The association between CFTR expression levels and disease progression was initially tested in 165 NSCLC patients recruited to the discovery phase. Survival rates were compared between patients groups defined by the median CFTR expression level (0.15). Higher OS (median, 45; 95% CI, 42.9-47.0) and PFS (median, 41; 95% CI, 33.8-48.2) were observed in the patients with high CFTR expression level ( Fig. 1; P<0 .01), compared to lower OS (median, 36; 95% CI, 32.7-39.3) and PFS (median, 30; 95% CI, 17.1-42.9). The effect of CFTR expression remained highly significant after adjusted for age, gender, smoking status and clinical stage, compatible with CFTR expression levels being an independent prognosis predictor of clinical stages (Table II) . The association between CFTR levels and prognosis were then analyzed against early stage (stage I to IIIA) and late stage (stage IIIB to IV) cancer patients. Although the clinical stage predicted favorable OS (Fig. 1E) , patients with high CFTR levels (CH) had significantly better survival regardless of early/late stage disease ( Fig. 1F and G) .
The association between CFTR levels and prognosis was then validated in 131 NSCLC patients recruited between 2009-2010. The Kaplan-Meier survival and log-rank tests provided evidence of improved OS for patients with higher CFTR levels albeit not statistically significant.
Pooling the data from discovery and the validation phase using an inverse variance meta-analysis approach showed (Table II) . Notably four stage IV patients from both phases who remained progression-free showed significantly higher CFTR levels (mean ± SEM, 4.758±1.461) in comparison to those patients with local recurrence, metastasis or those who died from lung cancer (mean ± SEM, 0.0289±0.754; p= 0.003). The surviving stage IV patients had higher CFTR levels (1.611±0.863), compared to those who died of the disease (0.030±0.996), indicated a particular role of CFTR in late stage prognosis.
We analyzed OS stratified by CFTR expression levels and metastasis status. Median OS rates were computed and compared among the patient groups using log-rank testing (Fig. 1H) . For patients without metastasis, the median survival of high CFTR level group (Met N. CH) was 58 months while that of the low CFTR level group (Met N. CL) was 54 months. For the patients with metastasis, patients with high CFTR levels (Met P. CH) experienced a considerably longer 41-month median survival compared with the 24-month median survival of the low CFTR expression group (Met P. CL) ( Table III) .
Manipulation of CFTR alters malignancy of lung cancer in vitro and in vivo.
The observed association between CFTR expression level and NSCLC metastasis and prognosis prompted us to investigate whether CFTR gene manipulation might affect the malignant phenotype. The alteration of CFTR expression did not significantly affect proliferation of NSCLC cell line A-549 (data not shown). However, cell invasion and migration were significantly enhanced or suppressed by knockdown or overexpression of CFTR, respectively (Fig. 2B , C, E and F). The same trend was seen in H1299 cells (data not shown).
To examine the role of CFTR in tumorigenicity in vivo, we established xenograft models by subcutaneous injection of A-549 cells transduced with shRNA targeting CFTR in mice. No differences in primary tumor growth between control and CFTR-knockdown A-549-injected mice were seen (data not shown), however, 80% (4/5) of the mice injected with CFTRknockdown cells presented with lung metastasis in contrast to 40% (2/5) of the mice injected with A-549-empty controls ( Fig. 2G and H) . Moreover, the tumor burden in the vector and CFTR knockdown groups were significantly different 6 weeks after the tumor cell inoculation (Fig. 2I) .
CFTR regulates EMT through the uPA/uPAR pathway.
Application of the CFTR activity inhibitor, inh-172 led A-549 cells to rapidly change their morphology into an elongated fibroblast-like shape (Fig. 3A) . This was reflected in downregulation of epithelial marker expression including E-cadherin and upregulated mesenchymal markers such as vimentin (Vim) and fibronectin (Fig. 3B) , suggesting suppression of CFTR function promotes EMT in lung cancer. The effect of CFTR on EMT in lung cancer cells was also supported by the observation that CFTR knockdown promoted EMT, whereas CFTR overexpression inhibited EMT (Fig. 3C and D) . It has been reported that CFTR is involved in the NF-κB mediated urokinase-type plasminogen activator (uPA) pathway, which is associated with cancer development (20) (21) (22) (23) . Given the central role of the uPA/uPAR axis in EMT (24), we reasoned that CFTR might be implicated in the regulation of EMT and lung cancer metastasis through the uPA/uPAR pathway. As shown in Fig. 4A and B, knockdown of CFTR increased actived-uPA and uPAR protein expression, while overexpression of CFTR inhibited actived-uPA and uPAR expression in A-549 cells (Fig. 4A and B) . The activated level of uPA was accordingly altered by CFTR gene manipulation, indicating that uPA activity is CFTR-dependent in these cancer cells. Neutralization with uPA or uPAR antibodies in CFTR-knockdown A-549 cells dramatically reversed the Table II . Cox proportional hazard model.
Discovery
Replication Fixed effect meta-analysis CFTR knockdown-enhanced cell migration and invasion in these cells (Fig. 4C and D) , indicating that upregulation of the uPA/uPAR axis activity is the major mechanism leading to the observed increased malignancies induced by CFTR knockdown.
Discussion
The recent discoveries of genomic alterations, including mutation of EGFR, KRAS and ALK genes in NSCLC, have suggested novel therapeutic targets for the treatment of lung cancer (25) (26) (27) (28) . A biomarker for the prediction of NSCLC recurrence and metastasis, however, remains to be identified. In the present study, CFTR was significantly downregulated in NSCLC tumors and low expression of CFTR was significantly correlated with NSCLC progression and metastasis suggesting CFTR as a prognostic biomarker for lung cancer. Importantly, our findings are consistent with CFTR having a strong protective influence in NSCLC, especially in the context of late-stage disease.
One of the key processes that occur during the progression of tumor metastasis is EMT. In the present study, the suppression of CFTR function leads to loss of epithelial markers, whereas, overexpression of CFTR results in upregulation of epithelial markers. This is in line with the observed changes of EMT process and invasive phenotypes in lung cancer cell lines, and is consistent with a metastasis-suppressing role of CFTR.
The present study also demonstrated that CFTR can suppress lung cancer metastasis through the uPA system. The uPA system has a multifunctional role in neoplastic evolution, affecting cancer cell proliferation, tumor angiogenesis, adhesion and migration (24) . Furthermore, increased expression of uPA, uPAR and PAI-1 has been documented in many types of cancers (29) . In the present study, uPA expression was inversely associated with CFTR expression in lung cancer cells. In addition, uPA or uPAR neutralizing antibody reversed the enhanced cell migration and invasion of CFTR knockdown. It is well established that CFTR is a negative regulator of NF-κB (21) (22) (23) , and that NF-κB positively regulates uPA during cancer development and progression (30, 31) . Therefore, it is possible that the regulation of CFTR on the uPA pathways may be mediated through the negative mediation of NF-κB. Since other EMT-inducing factors, such as TNFα and HIF1α, have been demonstrated to downregulate CFTR expression (32, 33) and CFTR regulate EMT through interaction with AF-6 and miR-193b in other cancer (34, 35) , CFTR may act as a conjoint downstream effector in mediating the effects of EMT inducers.
In the present study, we have provided evidence that CFTR expression may be a biomarker for lung cancer metastasis and prognosis. Moreover, since CFTR may also be a prognostic predictor in breast cancer (36) it suggests that CFTR may have a more generic function in cancer development, both in vitro and in vivo functional studies and in evaluation of CFTR expression. Of note, drugs that target specific CFTR point mutations have shown therapeutic benefit in patients with CF (37) and naturally occurring polyphenol compound resveratrol may stimulate the activity of CFTR (38) . The results of the present study warrant further investigation exploring the utility of these agents in the management of advanced lung cancer.
